We performed depth analysis of a compression layer in Corning Gorilla Glass 3, one of commercialized chemically-strengthened glasses, using depth-resolved micro-Raman spectroscopy. We obtained a depth variation of Raman spectra and an ion-exchange rate of Na for K was determined by energy dispersive X-ray spectroscopy. We found that a peak position around 1100 cm ¹1 in the Raman spectra is shifted to higher wavenumber and the ion-exchange rate of Na for K increases with a decreasing depth when shallower than ³30¯m. This correlation can be qualitatively explained as follows: compression of a TO 2 tetrahedra network (T = Si or Al) induced by the ion exchange gives rise to an increase in frequency of vibrational modes of the TO 4 tetrahedra.
Chemically strengthened glasses, which are primarily made by an alkali ion exchange process for a larger one in alkalicontaining glasses immersed in hot molten salt bath of KNO 3 , have become increasingly essential in the fields of not only mobile devices but also solar cell modules, building and industrial materials, etc. 1) 3) The chemically strengthened glasses are widely researched by glass manufacturers around the world and additionally inspection methods for these glasses have been also developed. Destructive or contact methods such as indentation and bending tests are used for evaluation of the strengthened layer, while non-destructive, non-contact tests are also strongly required for further productivity improvement.
Non-destructive methods by using laser light and ultrasonic wave have been reported. 4)8) For example, Hödemann et al. have proposed a gradient scattered light method in which a laser beam is incident to the glass with a grazing angle through a glass prism attached to the glass surface and determined an depth profile of a compressive stress. 7) Very recently, Calahoo et al. have proposed a non-destructive, non-contact method using depth-resolved micro-Raman spectroscopy and obtained the depth profile of a compressive stress from peak positions of the Raman peaks; 8) however, its application has been limited to the simple binary glasses, Li(K) 2 OSiO 2 . In this study, on the other hand, we applied the depth-resolved micro-Raman spectroscopy to Corning Gorilla Glass 3, which is one of the popular, commercialized chemically-strengthened glasses and we investigate relation between the Raman spectra and an ion-exchange rate with a varying depth.
Samples were a commercialized chemically-strengthened glass (Gorilla Glass 3, Corning), which is an aluminosilicate glass plate with a thickness of 0.7 mm and whose surface was subjected to the ion exchange process of Na for K and the glass plate before the ion exchange process. For these samples, Raman spectra at z = 0135¯m were obtained by using a depth-resolved microRaman spectroscopy system (NRS-5100, JASCO), where z is a depth from the top surface of the glass plate, namely, an actual focus position, and has been compensated by refractive index of the sample. Here, the index is assumed to be 1.5, being independent of z, and this assumption is reasonable because the values of the index are reported to be 1.50 and 1.51 (for 590-nm light) for the core glass and the compression layer of the chemically strengthened glass, respectively.
9) The system includes micro-focus optics with a 100© objective lens and excitation light was 532-nm continuous-wave light coming from laserdiode-pumped solid-state laser source. The spectra were detected with a backscattering configuration, where the incident light to the sample surface was linearly polarized, while the scattered light was detected without a polarizer. A depth resolution is estimated to be ³10¯m at worst in this study, although the value depends on the depth and the refractive index of the sample. 10) Depth variations of [Na], [K] , and [Na+K], which are atomic concentrations of Na, K, and the total amount of Na and K, respectively, were determined by using energy dispersive X-ray spectroscopy (EDX; JSM-6500F, JEOL), when a cross section of a broken sample was analyzed. An acceleration voltage was 15 keV. Considering penetration distance of scattered electrons in SiO 2 , both lateral and depth resolution in this study is expected to be ³2¯m. Figure 1 shows a depth variation of Raman spectra for the chemically strengthened glass and a spectrum in the surface (z = 0) of a non-strengthened glass. All the spectra correspond with those of typical aluminosilicate glasses.
13)16) That is, we see roughly four humps at ³500, ³580, ³800, and 9001200 cm ¹1 in a range of 3001300 cm ¹1 ; 16) peaks at ³500 and ³580 cm ¹1 are ascribed to four-and three-membered rings of TO 4 (T = Si or Al) tetrahedra, namely, the D 1 and D 2 bands, respectively. 16) For the peak at ³800 cm
¹1
, several models for the vibrational modes have been proposed. 16) In the alminosilicate glasses such as the present sample, the broad peak around 1100 cm ¹1 is known to comprise several peaks due to symmetric stretching vibrational modes, i.e., A 1 modes, of the Q n structure. Here, n (= 2, 3, and 4) is number of bridging oxygens in the TO 4 tetrahedra. Focusing on the broad peak around 1100 cm ¹1 , the peak position exhibits a notable change depending on z: Fig. 2 shows z dependences of the peak position around 1100 cm ¹1 in the sample before and after the ion exchange process. When z is shallower than ³30 m, for the chemically strengthened glass, the peak position shifts to higher wavenumber with a decreasing z. This behavior has been also reported in the Li(K) 2 OSiO 2 system. 8) For the non-strengthened glass, on the other hand, the position seems invariant in a range of z = 0135¯m. increases and [Na+K] seems invariant with respect to z, which suggests the NaK ion exchange has been achieved and this behavior is consistent with the previously reported. 1),8), 14) Note that the change in the ion-exchange rate below z µ 30¯m is the similar to that in the Raman peak position in Fig. 2 .
We discuss relation between the ion exchange of Na for K, the strengthening (or compression) of the surface layer, and the peak shift at ³1100 cm ¹1 . We roughly estimate a diffusion depth of K ions in the present sample to be 2030¯m from the result of Fig. 3 . In the ion-exchanged layer, the TO 2 network is compressed due to the ion exchange of Na for the larger ion, K, which results in the compressive stress. 1)3), 8) As for the simple binary silicate glass, Li(K) 2 OSiO 2 , relation between the compressive stress and shifts and fractions of the Raman peaks on the Q n structures in the compressed SiO 2 network has been discussed on the basis of changes in bond angles of SiOSi and bond lengths of SiO. 8) However, that discussion seems difficult to apply to the present work since the present chemically-strengthened glass has more complex composition and structure, particularly Q n structures that comprise the SiO 4 and AlO 4 tetrahedra. 5), 16) Nevertheless, we can propose a tentative model to give a qualitative and simple explanation for the Raman peak shift around 1100 cm ¹1 by the ion exchange as follows: The ion exchange for the larger ion causes compression of the TO 2 network, as illustrated in Fig. 1 in Ref. 2. Then, it is expected that the bond angles of TOT become wider, such as reported in highpressured amorphous SiO 2 .
17) According to Sen and Thorpe's model, 18) this widening of the TOT angle gives rise to an increase in frequency of the A 1 mode, which corresponds to ½ 2 in Ref. 18 . This consequence is consistent with the results in this work. However, network rearrangement, e.g. Q 2 + Q 4 ¼ 2Q 3 , which has been proposed for other ion-exchanged glasses, 8 ), 14) has been neglected in this model. To get insight of change in the TO 2 network structure in the present sample, further investigation and assignment of the Raman peaks are needed, although invariance of the D 1 and D 2 peaks after the ion exchange (Fig. 1) may suggest that the ion exchange process has less changed the network structure in the present sample. Anyway, it is noteworthy that the Raman peak position around 1100 cm ¹1 can be related to the compressive stress accompanying the ion exchange for the larger ions in the commercialized chemically-strengthened glass.
In summary, we performed depth analysis of the compression layer of the commercialized chemically-strengthened glass, Corning Gorilla Glass 3, using the depth-resolved micro-Raman spectroscopy. In addition, the ion exchange rate of Na for K was obtained as a function of depth by means of the EDX. In the depth dependence of the Raman spectra, the notable change is observed around 1100 cm ¹1 , i.e., the peak position shifts to higher wavenumber with a decreasing z when shallower than ³30¯m. The ion exchange rate also exhibits the similar behavior to that of the Raman peak shift. The ion exchange rate and the Raman peak shift can be connected with each other through compression of the TO 2 network structure. This correlation Fig. 1 . A depth variation of Raman spectra for a chemically strengthened glass and a spectrum in the surface of a non-strengthened glass. between the Raman peak shift and the ion-exchange rate enables a non-contact, spatially-resolved inspection of the chemically strengthened glasses using the micro-Raman spectroscopy.
